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The paper presents an investigation into the energy performance of a novel irregular heat and mass
exchanger for dew point cooling which, compared to the existing ﬂat-plate heat exchangers, removed the
use of the channel supporting guides and implemented the corrugated heat transfer surface, thus
expecting to achieve the reduced air ﬂow resistance, increased heat transfer area, and improved energy
efﬁciency (i.e. Coefﬁcient of Performance (COP)) of the air cooling process. CFD simulation was carried
out to determine the ﬂow resistance (K) factors of various elements within the dry and wet channels of
the exchanger, while the ‘ﬁnite-element’ based ‘Newton-iteration’ numerical simulation was undertaken
to investigate its cooling capacity, cooling effectiveness and COP at various geometrical and operational
conditions. Compared to the existing ﬂat-plate heat and mass exchangers with the same geometrical
dimensions and operational conditions, the new irregular exchanger could achieve 32.9%e37% higher
cooling capacity, dew-point and wet-bulb effectiveness, 29.7%e33.3% higher COP, and 55.8%e56.2%
lower pressure drop. While undertaking dew point air cooling, the irregular heat and mass exchanger
had the optimum air velocity of 1 m/s within the ﬂow channels and working-to-intake air ratio of 0.3,
which allowed the highest cooling capacity and COP to be achieved. In terms of the exchanger di-
mensions, the optimum height of the channel was 5 mm while its length was in the range 1e2 m.
Overall, the proposed irregular heat and mass exchanger could lead to signiﬁcant enhanced energy
performance compared to the existing ﬂat-plate dew point cooling heat exchanger of the same
geometrical dimensions. To achieve the same amount cooling output, the irregular heat and mass
exchanger had the reduced size and cost against the ﬂat-plate ones.
© 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Conventional mechanical vapour compression air conditioning
systems consume high power, create high carbon emission and
cause severe environmental impact. Several alternative cooling
systems, e.g. adsorption, absorption, desiccant and ejector cooling,
are less efﬁcient in terms of energy utilisation and practicality [1].
Evaporative cooling, by using water evaporation to absorb heat, is
an extremely low energy and environmentally friendly cooling
principle. However, owing to the theoretical constraint of the air.
ier Ltd. This is an open access articwet-bulb temperature, this system has very limited temperature
reduction potential which has restricted its wider application
[2e5]. Dew point cooling, being a new form of Indirect Evaporative
Cooling (IEC), can break up this limit, thereby achieving higher
cooling efﬁciency than conventional IEC. This technology is estab-
lished on a M-cycle heat and mass exchanger which basically has
the cross- or counter-ﬂow types [6e10].
Researches on the M-cycle cross- and counter-ﬂow heat and
mass exchangers for dew point evaporative cooling are numerous.
These included the experiment-based, simulation-based and
combined experiment and simulation works. In terms of the
experiment, Bruno F. [8] constructed a ﬂat-plate cross-ﬂow heat
and mass exchanger which used a special mediumwith high water
retention and wickability characteristics as the wet channel, and ale under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Nomenclature
a side length of computational element, m
A heat and mass transfer area of computational element,
m2
COP Coefﬁcient of Performance
CP speciﬁc heat capacity, kJ/kg C
De equivalent diameter, m
Dh hydraulic diameter, m
en latent heat, kJ/kg
g gravity acceleration, m/s2
h convection coefﬁcient, W/(m2 C)
hm mass transfer coefﬁcient, m/s
H height, m
hum humidity ratio, kg/kg
i enthalpy, kJ/kg
l length, m
l0 thermal entry length, m
Le Lewis number
Nu Nusselt number
n number
P pressure, Pa
△P pressure drop, Pa
△Pf frictional pressure loss, Pa
△Plocal local pressure loss, Pa
Qcooling cooling capacity, kW
Qm mass ﬂow rate, kg/s
Pr Prandtl number
Re Reynolds number
s area, m2
T temperature, C
Tf air temperature, C
u air velocity, m/s
W electric power, kW
x distance, m
Subscripts
air air
air, wet wet air
dp dew point
dry dry channel
dry, in inlet of dry channel
dry, out outlet of dry channel
f airﬂow
fan fan
in inlet
out outlet
steam water steam
pump pump
vap evaporated water
w channel wall
water water
wb wet-bulb
wet wet channel
wet,in inlet of wet channel
wet, out outlet of wet channel
Greek
l conduction coefﬁcient, kW/m C
a thermal diffusivity, m2/s
lf coefﬁcient of friction resistance
z coefﬁcient of local resistance
s surface wettability factor
△ difference between two states
m dynamic viscosity, kg/(m s)
r density, kg/m3
4 working air fraction over inlet air
ε effectiveness
h efﬁciency
P. Xu et al. / Energy 109 (2016) 803e817804moisture-impervious membrane as a dry channel. The tests indi-
cated that the exchanger had a dew point effectiveness of 75%,
which was relatively lower under the given operational condition.
Coolerado (USA) developed a cross-ﬂow heat exchanger with
perforated holes on the ﬂow paths. A test indicated that this type of
exchanger could obtain the wet bulb and dew point effectivenesses
of around 80% and 50% under the speciﬁed operational condition
[11], which is around 20% higher than that of the conventional IEC
heat exchangers. Velasco G. at al [12] carried out an experiment
study into a polycarbonate-made IEC heat exchanger. The results
indicated the IEC heat exchanger could obtain higher cooling ca-
pacity and also increased cooling effectiveness when spraying
water against the cooling air. Higher outdoor air temperature or air
ﬂow rate helped obtain enhanced cooling performance of the sys-
tem. Riangvilaikul et al. [13] carried out an experimental investi-
gation into a novel dew point evaporative cooling system,
indicating that the wet-bulb and dew point effectivenesses were in
the range 92%e114% and 58%e84%, under the pre-set operational
condition.
In terms of the computer simulation and combined modelling
and experiment, J. Lin et al. [10] presented a numerical study of a
dew point evaporative cooling system with counter-ﬂow conﬁgu-
ration. The study found the saturation point of working air occur-
ring at a ﬁxed point regardless of the inlet air conditions, minimum
intensity point of water evaporation of 0.2e0.3 m from theentrance and overall heat transfer coefﬁcient above 100w/(m2 K) in
wet channel of the unit. Tuisidasani et al. [14] studied the relation
between the Coefﬁcient of Performance and air velocity for a tube
type IEC heat and mass exchanger using both modelling and
experimental methods, indicating that the maximum COP of the
IEC unit was 22 at the primary air velocity of 3.5 m/s and the sec-
ondary air velocity of 3 m/s, leading to 10.4 C of primary air
temperature drop. Riangvilaikul and Kumar [15] presented a nu-
merical study of a counter-ﬂow heat exchanger, which involved the
numerical simulation of the heat and mass transfer processes
within the ﬂow channels, and experimental validation [13].
Reasonable agreement was achieved between the numerical and
experimental results, giving 5e10% of deviation in terms of the
outlet air temperature and effectiveness, respectively. The dew
point effectiveness of the unit was in the range 58%e84%, higher
than cross-ﬂow exchanger. Zhao et al. [16] conducted a numerical
study into a novel counter-ﬂow ﬂat-plate heat and mass exchanger
for dew point cooling, indicating that cooling effectiveness and
energy efﬁciency of the exchanger were largely dependent on the
dimensions of the air ﬂow passages, air velocity and working-to-
intake air ratio, and less dependent on the temperature of the
feed water. Zhan et al. [6] carried out a comparative study into the
M-cycle counter-ﬂow and cross-ﬂow ﬂat-plate heat exchangers for
indirect evaporative coolers (IEC), indicating that the counter-ﬂow
exchanger offered greater (around 20% higher) cooling capacity,
P. Xu et al. / Energy 109 (2016) 803e817 805greater (15%e23% higher) dew-point and wet-bulb effectiveness,
and lower (10% lower) COP. Further, Zhan et al. [17] also conducted
a numerical study into a cross-ﬂow dew point cooling heat
exchanger, indicating that the average air velocities in dry and wet
channels should be less than 1.77 m/s and 0.7 m/s respectively, the
optimum working-to-product air ratio was 50%, the channel's
length-to-height ratio should be in the range 100e300, while its
height should be in the range 4mme6mm. Cui et al. [18] presented
a computational ﬂuid dynamics (CFD) study into the counter-ﬂow
heat and mass exchanger, in order to analyse the impacts of oper-
ational conditions and geometrical parameters on the cooler's
performance. The discrepancy regarding to temperature distribu-
tions and outlet air conditions provided by the model was found to
be within ±10%. The simulation results indicated that the cooling
effectiveness of the exchanger was increased with lower air ve-
locity, smaller channel height, larger channel length-to-height ra-
tio, and higher working-to-intake air ﬂow ratio. Cui et al. [19]
developed a modiﬁed log mean temperature difference (LMTD)
method for predicting thermal performance of the present M-cycle
counter-ﬂow and cross-ﬂow heat and mass exchanger. The results
were found to be within ±8% discrepancy when compared to
experimental data.
The extensive literature reviews undertaken by the authors
indicated that previous researhces on IEC heat and mass ex-
changers were mostly focused on the ﬂat-plate types. This type of
exchanger was found to still have limited temperature reduction
potential when undertaking the dew point cooling, resulting in
problems of larger size and higher cost which have impeded its
broader application. The research methods applied to this kind of
research were either by experiment, computer simulation and
combined modelling and experiment. In terms of the computer
simulation, traidtioanl ‘ﬁnite-element’ or ‘ﬁnite-differenital’ ap-
proaches were the basic principles that were used to carry out the
‘differential’ treatment to the tradtional energy and mass transfer
and ﬂuid ﬂow equations, thus formulating the special numerical
computational programs. Owing to the non-conventional geome-
tries/materials incorporated in the computational channels, e.g.,
irregular channel supporting guides, bulk of the perforated holes,
and variable inlet and outlet geometries, as well as different
roughness conditions of the smooth (aluminum) and rough (ﬁbre)
heat transfer surfaces, which have unknown resistance factors,
simulation on pressure drop and COP were largely based on the
assumptions that have caused the signiﬁcant discerepancies
compared to the real measument data.
To tackle the above identiﬁed problems, the research proposed a
novel irregular heat and mass exchanger which, compared to
conventional ﬂat-plate heat and mass exchangers, removed the use
of the channel supporting guides and implemented the corrugated
heat transfer surface. This is expected to increase the heat andmass
transfer area between the dry and wet channel air streams, thus
increasing the heat transfer rate of the exchanger. Further, this is
also expected to decrease the ﬂow resistance of the air when
travelling across the dry and wet channels. As a result, the new
exchanger is expected to achieve signiﬁcantly higher energy efﬁ-
ciency (COP), cooling effectiveness, as well as cooling capacity, thus
leading to a high efﬁcient and low cost cooling solution. To improve
the simulation accuracy and credibility, both CFD and ﬁnite-
element based Newton-iteration numerical simulations will be
applied. The logic is to use CFD simulation to predict the ﬂow
resistance (K) factors of the elements within both the dry and wet
channels, and then introduce these factor values into the ‘ﬁnite-
element’ based Newton-iteration numerical model to investiage
the energy performance of the irregular heat and mass exchanger
for various dimensions and operating conditions, thus recom-
mending the optimum geometrical dimension and operationalcondition. Simultaneously, the numerical model will also be
applied to simulate the energy performance of the traditonal ﬂat-
plate heat and mass exchanger under the same geometrical di-
mensions and operational condition as to the irregular heat ans
mass exchanger. The results for the both exchangers will be
compared in order to justify the performance enhancement level of
the new exchanger relative to the existing one. In line with these
initiative efforts, the research will help develop an innovative heat
and mass exchanger with enhanced cooling and energy perfor-
mance, which in turn will lead to the reduced cost and size of the
cooler at the same cooling output and make it competitive to the
conventional mechanical vapour compression air conditioners.
2. Conﬁguration of the irregular heat and mass exchanger
and relevant computational channel/elements for simulation
Schematic of the irregular heat and mass exchanger is shown in
Fig. 1. For each exchanging plate, its inlet and outlet portions are
made into the ﬂat geometry for the convenience of air and water
distribution within the exchanger's channel space; while its main
portion is made into the corrugated geometry for increasing the
heat andmass transfer area between the two parts of air. Compared
to the traditional ﬂat-plate heat and mass exchanger which has the
triangular supporting guides between the two parallel plates (see
Fig. 2), the new exchanger will be able to achieve a higher heat
transfer rate owing to the increased heat transfer area. It, mean-
while, will also be able to achieve a lower ﬂow resistance owing to
elimination of the triangular channel supporting guides. As a result,
energy performance of the dew point air cooler with the irregular
exchanger, represented by the system's COP, would be signiﬁcantly
improved.
When constructing a dew point heat exchanger, whether ﬂat-
plate or irregular ones, wet surfaces of the two adjacent plates
are against each other to build a wet channel. Similarly, the dry
surfaces of two adjacent plates are against each other to build a dry
channel. A dry channel is always adjacent to one or more wet
channels. Fig. 3(a) and Fig. 3(b) show the ﬂow channels for the
irregular and ﬂat-plate exchangers. The cross-sectional area of each
irregular channel, either dry or wet, is two-times that of the tri-
anglar channel in the ﬂat-plate exchanger, while the triangular
channel is enclosed by the heat exchanging plate and the channel
supporting guides.
Considering the heat transfer between a dry channel and its
neighborhood wet channels, the computational channels are
established for both the ﬂat-plate and irregular heat and mass
exchanger structures, as shown schematically in Fig. 4(a) and (b).
The equal-sized cross-sectional area is the base for parallel com-
parison of the both. Furthermore, two comparable computational
elements, with both dry and wet channels, are identiﬁed and
selected. Comparison between the two elements indicated that a
corrugated element has much larger (2 times) heat transfer area.
It is also noticed that the irregular channel has FOUR side-walls
whilst the ﬂat-plate channel has SIX side-walls including the
channel-supporting guides, indicating that the ﬂat-plate channel
will create a higher resistance to the passing air, leading to the
increased ﬂow resistance. The geometry-related pressure drops at
the both channels will be simulated using CFD in order to deter-
mine the relevant air ﬂow resistance factors, pressure drop and
energy consumption of the fans.
Operational procedures of both the irregular and ﬂat-plate heat
and mass exchangers for dew point cooling are same. The intake
(mostly ambient) air ﬁrstly enters the dry channels through the
side-wall intalled ﬂat trapzoid end, as shown in Figs.1 and 2; the air
then travels across the dry channels whereby it loses heat to the
adjacent wet channels, thus leading to certain temperature drop. At
Fig. 1. Schematic drawing of the irregular heat and mass exchanger with corrugated heat transfer surface.
Fig. 2. Schematic of the ﬂat-plate heat exchanger stacks.
Fig. 3. Cross section view (a) irregular exchanger (b) ﬂat plate exchanger.
P. Xu et al. / Energy 109 (2016) 803e817806the end of the dry channels, the air is splitted into two parts: one,
called product air, is delivered into the conditioned space to
perform cooling; while the remaining part, called working air, is
diverted into the adjacent wet channels to help evaporating.Within
the wet channels, the working air ﬂows backwards, absorbing theheat transferred from the dry channels and receiving the moisture
evaporated from the surface of the wet channels, thus completing a
heat and mositure transition process from one part air to another,
which leads to the generation of the chilled product air.
Fig. 4. Computational elements (a) irregular exchanger (b) ﬂat plate exchanger.
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3.1. Simulation set-up and related assumptions
The computational elements for the both types of exchangers,
which contain a dry channel and part of its adjacent wet channels
(refer to Figs. 2 and 3), have the equal-sized cross-sectional area
and thus, are considered as the base for simulation and comparison.
‘Finite element’ approach will be applied to make ‘differential’
treatment to the traditional energy and mass equilibrium equa-
tions, thus establishing the relevant differential equations based on
each element. Within a single element, Newton iteration method
will be applied to peruse the equilibrium state in terms of heat and
mass transfer. To simplify the simulation process and mathematical
analysis, the following assumptions have been made:
(1) For the irregular and ﬂat-plate structures, the heat
exchanging sheets and channel supporting guides were
considered as the element's boundary surfaces.
(2) The heat andmass transfer process within the exchanger was
considered to be adiabatic, i.e, no heat transfer occurring
between the exchanger body and the surroundings.
(3) The heat and mass transfer process within the elements was
assumed to be at steady state.
(4) The heat transfer via the channel walls was in the vertical
direction. The convective heat transfer was considered as the
dominant mechanism for the heat transfer between the
airﬂowandwater ﬁlm/channel walls. The channel walls were
impervious to water moisture.
(5) The wet channel surfaces were equally saturated with the
water ﬁlm, which was assumed to have the same tempera-
ture as to the channel wall surface.
(6) The thermal resistance of the channel wall was assumed to
be negligible, indicating that there was no temperature dif-
ference between the dry and wet sides of the wall.
(7) Air was assumed to be an incompressible gas; air velocity
was considered to be uniform within a single computational
channel.
Along the channel length, each computational channel was
divided into numerous computational elements. The typical
geometrical set-up of the computational element and the whole
modular exchanger are listed in Table 1, where the surface rough-
ness of thewet channel material, i.e., fabric, is quoted fromRef. [20].3.2. Mathematical equations for heat and mass transfer
For the computational element, the energy and massequilibrium differential equations are shown as follows:
(1) Energy balance within a dry element
The air enthalpy difference between the inlet and outlet of a dry
element is equal to the amount of heat transferred between the
airﬂow and channel walls.
Didry ¼ CP$Qmdry$DTfdry ¼ hdry$

Tfdry  Tw

$DA (1)
(2) Mass balance in a wet element
The moisture content difference between the inlet and outlet of
a wet element is equal to the amount of water evaporated across
the wet surface.
Dhumwet ¼ hm$rair;wet$

humw  humair; wet

$s$DA (2)
Where, humwall and humwet are the humidity ratio of the working
air at the wet channel wall temperature and wet channel air tem-
perature respectively. The difference between humwall and humwet
is the inherent driving force for water evaporation occurring on the
wet channel surface. s is the wettability of the surface material,
which is deﬁned as the ratio of the wetted surface area to the total
surface area. s is affected by the water diffusivity of surface
material.
The convective mass transfer coefﬁcient between the working
air ﬂow and wet channel surface is expressed as a function of the
convective heat transfer coefﬁcient and the Lewis number, as
follow [21]:
h
hm
¼ r$Cp$Le1n (3)
where by n ¼ 1/3.
The convective heat transfer coefﬁcient between the air ﬂow
and the channel wall along the ﬂow path is a variable, which is
mainly determined by the ﬂow regime. Under the low airﬂow ve-
locity and small channel size (i.e. Re < 2300) condition, the air ﬂows
within both the dry and wet channels are laminar [21]. The thermal
entry length for the laminar airﬂow in the dry/wet channels can be
expressed as the function of the relevant Reynolds numbers and
Prandtl numbers, as follow [22]:
l0 ¼ 0:05$De$Re$Pr (4)
For the entrance region (x  l0), the Nusselt number can be
Table 1
Basic pre-setting parameters for simulation.
Parameters Value
Channel length (m) 1.0
Cross-sectional side length of the irregular channel e a* value (m) 0.01
Element number per channel 500
Irregular sheet dimension: L  W  h (m) 1.0  0.5  0.00866
Exchanger module dimension: L  W  H (m) 1.0  0.5  0.433
Surface wettability factor 1.0
Fabric surface roughness (mm) 23.83
Aluminum sheet surface roughness (mm) 1
Working air ratio 0.5
Velocity of inlet air (m/s) 1.0
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Nu ¼ 1:86

Re$Pr
x
De
1
3
$

mf
mw
0:14
(5)
While in the fully developed region (l0  x  l), the Nusselt
number is constant [22]:
Nu ¼ 2:47 (6)
According to the deﬁnition of Nusselt number, the convective
heat transfer coefﬁcient could be expressed as follow:
h ¼ Nu$l
De
¼ 1:86

Re$Pr
x
De
1
3
$

mf
mw
0:14
$
l
De
(7)
(3) Energy balance of the airﬂow in the wet element
The air enthalpy difference between the inlet and outlet of a wet
element is equal to the sum of the heat transferred from the dry to
wet elements and the change of air ﬂow enthalpy in the wet
element owing to evaporation, which leads to change in humidity
ratio of the air.
Diwet ¼ CP$Qmwet$4$DTfwet ¼ DQwet þ Disteam (8)
where,
DQwet ¼ hwet$ðTw  TfwetÞ$DA (9)
Disteam ¼ hm$rair;wet$ðhumw  humwetÞ$Cpsteam$Tfwet;out$s$DA
(10)(4) Conservation of water mass between the inlet and outlet of a
wet element
The variation of the water ﬂow rate between the inlet and outlet
of the computational wet element is equal to the amount of water
evaporated from the element surface.
DQmwater ¼ hm$rair;wet$ðhumwall  humwetÞ$s$DA (11)
(5) Energy balance in a coupled dry & wet elements and varia-
tion of the air's humidity ratio
Water enthalpy difference between the inlet and outlet of a wet
element is caused by heat transfer between the water and airﬂowin the dry/wet channels as well as the latent heat of the evaporated
water.
Diwater ¼ DQdry  DQwet  DQvap (12)
Diwater ¼

Qmwater;out$Twout  Qmwater;in$Twin

$CPwater (13)
DQvap ¼ hm$rair;wet$ðhumwall  humwetÞ$ensteam$s$DA (14)
The latent heat of the evaporatedwater can be expressed as [21].
ensteam ¼ 2446þ 1:86Twater (15)
3.3. Methodology for evaluation of the performance of a dew point
cooler
The following criteria are used to evaluate the performance of an
IEC system: i) cooling capacity; ii) energy efﬁciency, i.e., Coefﬁcient
of Performance (COP); iii) wet-bulb effectiveness; and iv) dew-
point effectiveness.
3.3.1. Cooling capacity
According to the formula provided by the ASHRAE Standard
[23], the cooling capacity can be written as:
Qcooling ¼ Cp$

Tfdry;in  Tfdry;out

$ð1 4Þ$Qmdry;in (16)
3.3.2. Coefﬁcient of Performance
Coefﬁcient of Performance (COP) [23] is expressed as the ratio of
the cooling capacity (Qcooling) to the total power consumption (W)
of the cooler system:
COP ¼ Qcooling
Wfan þWpump
(17)
Although actual power consumptions of the fan and pump are
affected by numerous operational factors, the following theoretical
formulas are often used to estimate their power needs.
The power consumption of a fan can be expressed as follow:
Wfan ¼
DP$u$s
hfan
(18)
where, DP is the pressure drop of the airﬂow in the dry or (and) wet
channels, which includes the frictional pressure loss along the
channel, pressure loss from local ﬁttings.
DP ¼ DPf þ DPlocal (19)
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calculated using the following equations [24]
DPlocal ¼ z$
ru2
2
(20)
DPf ¼ lf $
l
Dh
$
ru2
2
(21)
DP ¼

zþ lf
l
Dh

$
ru2
2
¼ K$ru
2
2
(22)
The power consumption of a pump was calculated based on the
water circulation rate and water raising height, by using the
following equation:
Wpump ¼ Qmwater$DPwater
rwater$hpump
(23)
The efﬁciencies of both the fan and pump were assumed to be
75%, and a factor of 1.8 for any unpredicted power loss was used in
the simulation.3.3.3. Determination of the ﬂow channels' K values by CFD
simulation
Owing to the complexity of the channel geometries in both the
irregular and ﬂat-plat heat and mass exchangers, it is difﬁcult to
sort out the local resistance factor z and frictional factor lf of each
element included in the dry and wet channels. In this case, CFD tool
was applied to aid this determination. This simulation was under-
taken on the basis of laminar ﬂow model by using ANSYS FLUENT
16.1, whereas the pressure-velocity coupling equations were solved
by using SIMPLE algorithm. The numerical schemes for pressure
and momentum were standard and ﬁrst order upwind.
The ﬂow domain was considered as three-dimensional. The
boundary conditions are depicted in Fig. 5(a) and (b) and also
illustrated below:
a) A symmetry conditions were imposed on external walls
b) “Inlet velocity” boundary was used at the dry air entrance.
c) “Outﬂow” condition was used for the dry air outlet and the
wet air outlet. Wet side ﬂow rate weighting was assumed as
0.3.Fig. 5. Flow domain and bd) The surface roughness values of the wet and dry channels
were those for ﬁbre and aluminum, as shown in Table 1.
e) Geometry variations of the irregular channel at the inlet and
outlet, i.e. from-ﬂat-to-corrugated and from-corrugated-to-
ﬂat, were taken into consideration, while the air diverting
from dry to wet channel via the perforated holes was also
considered.
Table 2 provides a summary of K values, which were calculated
using the CFD simulation results. For both the dry and wet chan-
nels, the irregular exchanger had smaller resistance factors than the
ﬂat-plat exchanger: the former was 55% of the latter. Fig. 6 shows
the velocity and skin frictional coefﬁcient contours at z ¼ 0.5 m
section.
3.3.4. Wet-bulb effectiveness
Wet-bulb effectiveness [25,26] is deﬁned as the ratio of the
difference between the inlet and outlet product air temperatures to
the difference between the inlet-air's dry-bulb and wet-bulb tem-
peratures, which is expressed as:
εwb ¼
Tfdry;in  Tfdry;out
Tfdry;in  Tfdry;in wb
(24)
3.3.5. Dew-point effectiveness
Dew-point evaporating cooling systems can provide the product
air with a temperature close to the dew point of the intake air; as
such, the dew-point effectiveness [25,26] is deﬁned as
εdp ¼
Tfdry;in  Tfdry;out
Tfdry;in  Tfdry;in dp
(25)
4. Computer model set-up and validation
To enable simulation of the heat and mass transfer processes
occurring in different channels/elements, a dedicated computa-
tional algorithmwas developed to solve the above equations using
the ﬁnite element and Newton-iteration method, which was
operated under the EES (Engineering Equation Solver) basis [27].
The Newton-iteration algorithm [28] used for developing theoundary conditions.
Table 2
Summary of the K values for both the irregular and ﬂat-plate heat and mass exchanger.
Side Mean velocity um (m/s) Irregular exchanger Flat plate exchanger
Flow resistance factor, K Presure drop (Pa) Flow resistance factor, K Presure drop (Pa)
Dry 0.45 166.16 20.6 354.74 44
Wet 0.15 246.72 3.4 449.88 6.2
Dry 0.95 87.44 48.34 207.14 100.5
Wet 0.3 197 10.86 362.82 20
Dry 1.45 61.3 78.94 141.54 158
Wet 0.45 140.78 17.46 258 32
Dry 1.95 47.48 110.6 110.86 220
Wet 0.65 98.54 25.5 208.62 46
Dry 2.45 39.38 144.76 92.24 286
Wet 0.75 93 32.04 174.14 60
Dry 2.95 33.4 178 64.34 350
Wet 0.9 80.62 40 149.16 74
Fig. 6. Contours of velocities and skin friction coefﬁcient at channel length of 0.5 m.
P. Xu et al. / Energy 109 (2016) 803e817810computer model is detailed as follows:
(a) Entering the geometrical and operational parameters
relating to the dry/wet channels, including the channel
length/height, number of computational elements, ratio of
the working-to-intake air ﬂow rate, water temperature and
intake air condition, e.g. the dry-bulb temperature, wet-bulb
temperature and velocity at the channel entrance.
(b) Assuming the start-up temperature for the intake dry air and
dry channel wall, and determining the thermal-physical
properties of dry air, i.e., density, speciﬁc heat capacity,
thermal conductivity, dynamic viscosity and Prandtl number.
 Calculating the Reynolds number and determining the
Nusselt number and convective heat transfer coefﬁcient by
using Eqs. (4)e(7).
 Calculating temperature of the air at the dry element outlet
by using Eq. (1), and determining the temperature of the
air at the dry channel outlet.
 Running the model by iteration until the required error
allowance for the dry channel air temperature appeared.(c) Assuming a start-up temperature for the outlet wet air and
wet channel wall, and determining the thermal-physical
properties of the wet air, i.e., density, speciﬁc heat capacity,
thermal conductivity, dynamic viscosity and Prandtl number.
 Calculating the Reynolds number and determining the
Nusselt number and the convective mass transfer coefﬁ-
cient by using Eqs. (3)e(7).
 Calculating the humidity ratio increment across the
element by using Eq. (2), and determining the humidity
ratio of the air at the outlet of the wet channel.(d) Calculating the temperature of the air at the outlet of the wet
channel by using Eqs. (8)e(10).
 Running the model by iteration until the required error
allowance for the wet channel air temperature appeared.(e) Calculating the water ﬂow rate by using Eq. (11).
(f) Calculating the wall temperature based on the energy bal-
ance for the coupled dry & wet elements, by using Eqs.
(12)e(15).
 Comparing the computed wall temperature with the pre-
viously assumed value, and
Fig. 7
P. Xu et al. / Energy 109 (2016) 803e817 811 Running the model by iteration until the required error
allowance appeared.(g) Completion of the model iteration process with reasonably
accurate results.
(h) Calculating the cooling capacity, COP, andwet-bulb and dew-
point effectiveness by using Eqs. (16)e(25).
(i) Delivering the simulation results and terminating the simu-
lation process.
The computer model can be used for simulation of both the
irregular heat exchanger and existing ﬂat plate heat exchanger; the
latter is treated as a speciﬁc geometrical set-up in the model, i.e.,
the zero height of the corrugated geometry. To validate the com-
puter model, a simulationwas carried out based on a ﬂat-plate heat
exchanger module which had the published experimental results
[6,13]. These testing data were used to examine the effectiveness
and accuracy of the model.
Given the channel height, length and width of 5 mm, 1200 mm
and 80 mm respectively, intake air velocity of 2.4 m/s and working-
to-intake air ratio of 0.33, which were the experimental conditions
applied in ref. 13, simulation was carried out to generate a series of
modelling results. These results were then compared with the
testing data to examine the effectiveness and accuracy of the
model, as shown in Fig. 7 [6,13]. It is found that the difference be-
tween the tested and simulated product air temperatures was in
the range 0.1 Ce0.9 C for various inlet air conditions; while the
highest deviation occurred at the humidity ratio of 6.9 g/kg, giving
an error rate of 4.9%. The difference between the tested and
simulated cooling capacities was in the range 0.1e0.5 W under the
referred testing conditions [13]; whilst the highest deviation
occurred at the same humidity ratio condition, with an error rate of
5%. This comparison indicated that the accuracy of the computer
model is around 5%.
Simulation was also conducted under different operational
conditions presented in ref. 13, i.e., inlet air velocity of 0.83 m/s,
working air ratio of 0.4 and inlet air conditions given in Table 3. The
results were compared with the published experimental data,
giving the derivation proﬁle shown in Fig. 8. The difference be-
tween the modelling and published results was around 3.1% in
average, indicating that the model could achieve a reasonable ac-
curacy in predicting cooling performance of the dew point cooling
heat exchanger.. Experimental validation e product air temperature and cooling capacity.5. Comparative study of the performance of the novel
irregular heat and mass exchangers and existing ﬂat-plate
heat exchanger
As previously addressed, the model developed in this study can
be used to simulate the performance of both the irregular and ﬂat-
plate heat and mass exchangers. In this section, the performance of
the two different heat and mass exchangers was investigated and
compared under various inlet air conditions including temperature,
humidity ratio, velocity, channel dimensions, and operational pa-
rameters including the working-to-intake air ratio and water
temperature.
The simulation conditions applied to the comparative study
were listed in Table 4, where the UK's typical cooling design tem-
peratures were used. The inlet air condition and geometrical pa-
rameters of the heat and mass exchanger are the key factors
impacting the performance of evaporating cooling. The simulation
results are presented as follows:
5.1. Impact of the intake air parameters
5.1.1. Impact of the intake air temperature
Keeping the intake air humidity ratio at 0.015 kg/kg that is the
typical London summer design parameter, impact of the intake air
temperature on the performance of both the novel irregular and
existing ﬂat-plate heat and mass exchangers was investigated and
the difference between the two exchangers was analysed; the re-
sults are shown in Fig. 9(a) and (b) respectively. For the both ex-
changers, increasing the intake air temperature led to signiﬁcant
increase in the cooler's cooling capacity and COP, which varied
linearly with the temperature. However, the wet-bulb effective-
ness, dew point effectiveness and product air temperature
remained almost the same, with the ﬁgures of around 120%, 80%
and 19 C respectively.
Under the same operational condition, the irregular exchanger
showed better performance than the ﬂat-plate one. Although the
indicative performance parameters, i.e., COP, cooling capacity and
wet-bulb and dew point effectiveness of the two exchangers, had
the similar variation trend versus the outdoor air temperature, the
average COP and cooling capacity of the irregular exchanger were
31.4% and 34.2% higher than that of ﬂat-plate one. The average wet-
bulb and dew point effectiveness of the irregular exchanger were
122.1% and 82.2% respectively, which were 35% and 34.9% higher
than that of the ﬂat-plate one.
Compared to the ﬂat-plate heat and mass exchanger, the irreg-
ular type was able to deliver higher cooling capacity and lower
product air temperature. The cooling capacity and COP of the both
exchangers increased linearly with the intake air temperature,
owing to the fact that the increased air temperature could lead to
the reduced air humidity ratio [25]. As a result, the evaporation rate
and cooling capacity of the exchangers were eventually increased.
5.1.2. Impact of the intake air humidity ratio
Keeping the intake air temperature at 28 C which is the typical
London summer design temperature, impact of the humidity ratio
on the performance of both the irregular and ﬂat-plate heat and
mass exchangers was investigated and the difference between the
both was analysed. The results are shown in Fig. 10(a) and (b)
respectively.
It is seen from the Fig. 10(a) and (b) that the indicative perfor-
mance parameters, i.e., COP, cooling capacity andwet-bulb and dew
point effectiveness, for the both exchangers showed similar trend
of variation versus the humidity ratio. The cooling capacities and
COPs for the both exchangers decreased quickly with the increase
of humidity ratio of the intake air, indicating that the exchangers
Table 3
Climate conditions used in comparative simulation research.
No. City County Dry bulb temperature (C) Wet-bulb temperature (C) Dew point temperature (C) Relative humidity
1 London UK 28 20 16.0 48.2%
2 San Pablo Spain 39.9 25.1 19.2 30.3%
3 Lisbon Portugal 32.1 19.7 12.9 31.0%
4 Catania Italy 34.1 21.6 15.5 32.9%
5 Athens Greece 33.8 20.8 14.1 30.5%
6 Izmir Turkey 35.5 20.4 12.1 24.4%
7 Copenhagen Demark 24 17.3 13.4 51.5%
8 Helsinki Finland 26.7 19.1 15.1 48.9%
Fig. 8. Comparison of experimental and simulation results.
Fig. 9. Variation of performance with inlet air temperature (with constant moisture
content).
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reduced humidity ratio of the intake air. Meanwhile, both the wet-
bulb and dew point effectivenesses decreased with the increase of
humidity ratio. At a lower humidity ratio, e.g., 0.005 kg/kg, the
irregular exchanger could obtain a temperature drop of 16 C, while
at a higher humidity ratio, e.g., 0.02 kg/kg, the temperature drop
within the irregular module was only 3 C.
Compared to the ﬂat-plate exchanger, the irregular type could
achieve a signiﬁcantly enhanced performance. Under the pre-
justiﬁed operational condition, the irregular type had 33.3%
higher average COP and 37% higher average cooling capacity; while
its average wet-bulb and dew point effectiveness were 35.5% and
35.3% higher than that of ﬂat-plate type respectively. Under the low
humidity ratio condition, the irregular version could achieve even
higher cooling capacity than that under the high humidity ratio
condition.
5.1.3. Impact of the intake air velocity
The intake air velocity is a factor impacting the ﬂow rate and
ﬂow state of the air within the channels: the former affects the
cooling capacity directly and the latter affects the heat and mass
transfer rate which consequently impacts the cooling capacity of
the cooler. Impact of the intake air velocity on the performance of
both the irregular and ﬂat-plate heat and mass exchangers was
investigated and the difference between them was analysed. The
results are shown in Fig. 11(a) and (b) respectively.Table 4
Pre-set operational conditions for simulation.
Channel length (m) Channel height (m) Channel number
1.0 0.01 2500
Dry bulb temperature of inlet
air (C)
Wet-bulb temperature of inlet
air (C)
Inlet air
velocity(m/s)
28 20 1.0Cooling capacity of the both exchangers increased with the in-
crease of air velocity, while the irregular type increased faster than
that of the ﬂat-plate one. When the air velocity varied from 0.3 m/ss Element numbers per
channel
Working-to-intake air
ratio
Inlet water temperature
(C)
500 0.5 20
Surface wettability factor Fan efﬁciency Pump efﬁciency
1.0 75% 75%
Fig. 10. Variation of the performance with inlet air humidity ratio.
Fig. 11. Performance with the velocity of inlet air.
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from 210W to 1198W, which were 35% and 63% higher than that of
ﬂat-plate type respectively.
For the both exchangers, COPs quickly increased with the in-
crease of air velocity from 0.3 m/s to 1 m/s. When the velocity was
greater than 1 m/s and below 1.5 m/s, COPs of the both exchangers
reached their highest record and remained almost constant. When
the velocity exceeded 1.5 m/s, COPs of the both exchangers started
to fall. This phenomenon could be explained as follow: increasing
the velocity led to the increase in the cooling capacity and increase
in the pressure drop of the air ﬂows. Since the COP is the ratio of the
cooling output to the electrical power consumption, which is
pressure drop relevant, an optimum velocity would be in existence
enabling achieving the maximum COP. In this simulation process,
1 m/se1.5 m/s would be the appropriate velocity range for the
cooler design. As a lower air velocity, which led to a lower channel
pressure drop and therefore lower power consumption of a fan,
could produce a higher effectiveness, the velocity of around 1 m/s
was considered the optimum choice for the both irregular and ﬂat-
plate exchangers. Under this condition, the COP and cooling ca-
pacity of the irregular exchanger were 16.7 and 608.2 W respec-
tively, which were 33% and 36.2% higher than that of the ﬂat-plate
type.
For the both exchangers, the wet-bulb and dew point effec-
tiveness decreased with the increase of air velocity. The wet-bulband dew point effectiveness of the irregular type were 140% and
93% respectively when the air velocity was 0.5 m/s. These values
actually fell to 121.4% and 80.7% respectively when the velocity
increased to 1 m/s. Compared to the ﬂat-plate exchanger, the
irregular type has around 30% higher effectiveness in both the dew
point and wet-bulb effectivenesses.5.2. Impact of the channel dimensions
5.2.1. Impact of the channel height
The dimensions of a single channel, i.e., channel height and
length, affect both the ﬂow pattern and ﬂow rate, which in turn
inﬂuence the heat and mass transfer rate and cooling capacity of
the heat and mass exchangers. Based on the exchanger stack of 1 m
(height)  0.5 m (width)  0.433 m (thickness), impact of the
channel height on the performance of the both exchangers was
investigated and the difference in performance between the two
exchangers was analysed. The results are shown in Fig. 12(a)e(d).
For a single channel, COP and cooling capacity increased with
the channel height, while the pressure drop showed an opposite
trend of variation. However, as the increase in channel height can
lead to the reduced channel number of the heat exchanger, the
overall cooling capacity of the heat exchanger would be reduced.
Based on a ﬁxed channel number, Fig. 12 (a) showed that the
cooling capacities and COPs increased with the channel height.
Fig. 12. Variation of performance with the channel height.
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the cooling capacity fell when the channel height was larger than
0.005 m.
Fig.12(c) indicates that the optimum channel height for both the
irregular and ﬂat-plate exchangers was 0.005 m, at which the wet-
bulb and dew point effectiveness of the both exchangers reached
the maximum, i.e., 140.7%/129% and 93%/84% (irregular/ﬂat-plate).
As a result, the air temperature fell to the lowest, i.e., 16.8 C for the
irregular type and 16.5 C for the ﬂat-plate one, and the cooling
capacity reached the highest value at channel height of 0.005 mm
(700 W for the irregular type and 650 W for the ﬂat-plate one).
Fig. 12(d) indicates that the pressure drop in the irregular
exchanger was 55.8% less than that in the ﬂat-plat one, which was
largely caused by the effect of the channel supporting guides. It
should be noted that the pressure drop was calculated by using the
K values derived from the CFD works.5.2.2. Impact of the channel length
A large channel length leads to the increased heat and mass
transfer rate, however, the power consumption of the cooler in-
creases as well in order to overcome the ﬂow resistance of the air
travelling through the channels. Fig. 13(a) shows the variation
trends of cooling capacity and COP versus the channel length,
indicating that cooling capacity increased and the COP decreased
when increasing the channel length. When the length varied from0.2 m to 2 m, the changes in cooling capacity and COP were sig-
niﬁcant. When the length was beyond 2 m, the change tended to
slow down. Therefore, it is not meaningful to consider channel
length larger than 2 m for the cooler design. For the channel length
from 1m to 2m, change in COP and cooling capacity became slower
than that for the length from 0.2 m to 1 m. Therefore, the channel
length of 1 m should be optimum choice for economic reason. This
is because when the length was larger than 1 m the increased
cooling capacity was in expense of more increased size and cost.
However, in the case of that cooling capacity is the major concern
rather than the size and cost, the channel length of 2 m is the best
choice. In general, appropriate channel length for cooler designwas
considered to be between 1 m and 2 m, depending upon the users'
preferences.
Fig. 13(b) shows variation of cooling effectiveness and outlet air
temperature versus the channel length. The similar variation trends
were found to the both exchangers as that in Fig. 13(a). These
further proved that the appropriate channel length should be in the
range 1 me2 m. Fig. 13(c) shows that the pressure drop increased
lineally with the channel length for the both exchangers. The
average pressure drop of the irregular channel in the length range
of 0.1 me3 m was 56.2% lower than that of the ﬂat-plat exchanger
and the pressure drop difference between the two exchangers
increased with the increase of channel length.
Fig. 13. Variation of performance with the channel length.
Fig. 14. Variation of performance with working air ratio.
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5.3.1. Impact of the working-to-intake air ratio
Working-to-intake air ratio is deﬁned as the ratio of working air
ﬂow rate in the wet channel to the total intake air ﬂow rate, whichis the sum of the working air and product air. Higher working-to-
intake air ratio could enhance the water evaporation in the wet
channels, thus enhancing the cooling effectiveness of the heat and
mass exchanger. However, this will also lead to the reduced product
air ﬂow rate and therefore reduced cooling capacity. Therefore, an
optimum working-to-intake air ratio should be in existence to
achieve the best balance between the cooling output and cooling
efﬁciency. A dedicated investigationwas carried out to optimize the
working-to-intake air ratio and the results are shown in Fig. 14(a),
Fig. 15. Variation of performance with the temperature of inlet water.
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It was found that the performance of both the irregular and ﬂat-
plate heat and mass exchangers showed similar trend of variation
when the working-to-intake air ratio varied. For the both ex-
changers, Fig. 14(a) showed that the highest cooling capacities and
COPs were at the working-to-intake air ratio of 0.3. Fig. 14(b)
indicated that the cooling effectiveness increased with the increase
of the working-to-intake air ratio; while the outlet product air
temperature showed an opposite trend of the variation. However,
these variations became slower when the working-to-intake air
ratio was beyond 0.3. Fig. 14(c) showed that the pressure drop of
the air through the channel increased linearly with the increase of
the working-to-intake air ratio. Based on these ﬁndings, it was
concluded that the optimum working-to-intake air ratio would be
0.3.
Compared to the ﬂat-plate exchanger, the irregular type had
higher COP, cooling capacity, dew-point and wet-bulb effective-
ness, and lower outlet product air temperature. At the optimum
working-to-intake air ratio of 0.3, their performance parameters
were given as: (1) cooling capacity: 724.6 W vs. 545.2 W (32.9%
higher); (2) COP: 20.5 vs. 15.8 (29.7% higher); (3) dew-point
effectiveness: 68.7% vs. 51.7% (32.9% higher); and (4) wet-bulb
effectiveness: 103.3% vs. 77.7% (32.9% higher).5.3.2. Impact of the water temperature
During operation, water is circulated from a water container
ﬁtted beneath the wet channel outlet to the top of the wet channel
by a pump. The water evaporates along the wet channel and extra
water falls down to the water container. Water is continuously
supplied to the water container to compensate the evaporated
water. The temperature of the inlet water is therefore determined
by the temperature and amounts of the water falling into the
container and the supply water from the water source. The
modelling work was carried out to investigate the effect of the inlet
water temperature on the performance of the two types of heat and
mass exchangers.
Fig. 15(a) shows the variation of the COP and cooling capacity
versus the inlet water temperature and Fig. 15(b) shows the vari-
ation of the cooling effectiveness and outlet product air tempera-
ture versus the circulating water temperature. The ﬂat curves
indicate the effect of the circulating water temperature on the
performance of the heat and mass exchangers was very minor.
Compared to the ﬂat-plate exchanger, the irregular type showed
a better performance in terms of the COP, cooling capacity, and
cooling (dew-point and wet-bulb) effectiveness, which is similar to
the previous case studies.
6. Conclusions
A novel irregular heat andmass exchanger with corrugated heat
transfer surface and without the channel supporting guides has
been presented. Combined CFD and ﬁnite-element based Newton-
iteration numerical simulations indicated that the performance of
the irregular heat and mass exchanger was superior to that of the
existing ﬂat-plate one, in terms of the cooling capacity, dew-point
and wet-bulb effectiveness (around 32.9%e37% higher) at a range
of geometrical and operational conditions. The COP of the dew
point cooler with irregular exchanger was 29.7%e33.3% higher than
that of the ﬂat-plate one. By removing the need of channel support
guides, the air ﬂow pressure drop in the irregular channels was
around 55.8%e56.2% lower than that in the ﬂat-plate ones. The
optimal design parameters of the novel irregular heat and mass
exchanger are as follows: optimal intake air velocity is around 1 m/
s, and optimal channel height and length of the both exchangers are
5 mm and 1e2 m respectively, while the appropriate working-to-
intake air ratio is 0.3.
Owing to the enhanced energy and cooling performance, the
novel irregular heat and mass exchanger will lead to reduced cost
and size of the cooler at the same cooling output condition, and
thus make it competitive to conventional mechanical vapour
compression air conditioners.
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